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Does Given a combustor geometry which has been suitably divided into one-dimensional sectors, within each sector the numerical integration is performed on the following governing differential equations for a calorically perfect gas, written below in non-dimensional form method to achieve the simulation goals just described with the added, essential, capability of accounting for the large and abrupt changes in cross sectional area typically associated with premix combustors. An example of such geometry is shown schematically in Fig. 1 
The distance, x has been normalized by the combustor length, L. The time, t has been normalized by the characteristic wave transit time, L/a', where a" is the speed of sound at a chosen reference state. The pressure, p and density, p have been normalized by their respective reference values and the axial velocity, u has been normalized by a'. The mass fraction of reactant is z. Note that z can be related to, but is not the same as, actual fuel fraction.
The ratio of specific heats is denoted by y.
For this non-dimensionalized form of the equations, the equation of state is written
The speed of sound is simply _/T.
• These are discussed briefly in the appendixof this paper.As of this printing, the authorhas not found a q-l-d approach that successfully simulates the particular combustor presented herein.
Thenon-dimensional source vector iswritten as: 
Heat Transfer
The term Qht in Eqn. 5 is represented by a simple algebraic expression
where ct is a user specified constant ( 
Partially Open
This type boundary is depicted in planes of the mixing zone respectively, as shown in as expected. Peak-to-peak pressure oscillations of 52% of the mean value were computed in the combustion chamber. The frequency of oscillations corresponds to that reported in the literature. The simulation was made with 200 cells. The mean fuel/air ratio for these devices is unknown; however, they are designed to run under standard atmospheric inlet conditions. It was assumed that the peak temperature allowed is 2300 R. The reactant source term, rn r in the source vector (Eqn. 5) was applied to a single numerical cell at the location shown in Fig. 6 and was adjusted to achieve this value. 
Combustor Simulation Results
In a further effort to demonstrate the capabilities afforded by the method described above, a simulation of an experimental combustion rig exhibiting known instabilities was implemented. The instabilities exhibited by the rig were associated with sections beyond the expected injector and combustion zone. As such it was necessary to include the downstream plenum and cooling ring in the computing domain. The geometry simulated is shown in Fig. 9 . For the results to be shown, 348 numerical cells were used. The left sideboundary conditions (x=0.0in.) were modeled asfully-open, constant pressure. Therightside boundary conditions (x=99.6 in.)werethose fora solid wall.Flowexited therig through a tee-section pipe17 in. fromthe right end.This wasmodeled in the simulation using anorificetypeequation representing m_in thesource vector, distributed overa number of computational cells. Flowthrough each orificeisdriven by theratioof pressure in thenumerical celltothatof animposed backpressure. Fig. 11 . The slightly wavey appearance of the Mach Number and pressure at the left side of the figures is due to the deliberate introduction of small random pressure oscillations at the inlet. These had a maximum value of !-0.5% of the mean. They were intended to simulate noise from unknown sources in the system. It should be noted that the rig geometry of the two operating points was slightly different. For Operating Point 1, the narrow region where the fuel is injected was 1.0 in. shorter than is shown in Fig. 9 . The large cross section sector preceding this was 1.0 in. longer than is shown. Thus the overall length was the same. For Operating Point 2, the geometry was as shown in Fig. 9 .
These slight differences were included in each simulation.
Operating Point 1
With the flame position properly placed, self-excited, unstable operation commenced, and eventually reached limit cycle behavior. Limit cycle behavior is defined here as a repeating cycle that exists after at least 4 seconds of simulated time with no significant change in peak-to-peak amplitude.
The computed peak-to-peak amplitude of the pressure fluctuations at x=42.1 in. (the location of a pressure transducer) was approximately 7.7% of the mean. This is close to the 8% value As with Operating Point 1, the simulation successfully reproduced the observed instability at approximately the correct frequency and amplitude• The measured peakto-peak pressure oscillations were 3.6 % of the mean.
The computed oscillations were 3.1% of the mean. The measured dominant frequency was 175 hz. while the computed value was 188 hz. Figure 14 shows the same type contour plot as Fig. 12 in order to illustrate the dominant oscillatory mode. It is clear that this mode is completely different in form from that of Fig. 12 and that the downstream plenum of the rig is acoustically active. This mode is the main reason that it was necessary to simulate such a large portion of the rig.
The measured and computed power spectra for this operating point are shown in Fig. 15 . As before, the computed and measured results agree well with respect to amplitude and frequency of the dominant instability. The qualitative agreement is also quite good in some respects.
In particular, both show the dominant low frequency mode, and the virtual absence of the 275 hz.
mode found at Operating Point 1. Both also show a second peak near 380 hz. The source of this is unknown. The measured results show a peak at 450 hz.
which is not seen in the computed resuhs. The explanation for this is unclear at the present time.
Discussion
The results of the simulation just presented are encouraging in as much as they successfully duplicated self-excited instabilities observed in a rig with relatively complex geometry. It is also encouraging that a simulation of this combustor rig lasting 0.116 seconds of computed time took 188 seconds of CPU time running on a Sun Ultra 2 Workstation.
It is interesting to note, with regard to the objective of successfully capturing the physical phenomena of the instability, that the use of a fuel injection model was necessary to obtain the rig results presented. It is possible to inject the fuel (reactant) at the boundary (inlet) of the simulation rather than at an interior cell. This is done by simply specifying the reactant fraction at the boundary.
When this was done for the rig geometry just described, maintaining exactly the same flow rates and temperatures, the instability disappeared completely (this was not the case for the Pulse Jet simulation). This suggests that the coupling mechanism between heat release and pressure is predominantly related to variations of mixture ratio and convection delays rather than to pressure induced variations in the reaction rate itself. The latter mechanism has been presented before in purely one-dimensional combustor simulations 3. The former mechanism is a more common explanation for combustors of the lean-premix type described here.
Limitations
Restrictions regarding the applicability of the simulation method just described were mentioned in the 
Appendix: Difficulties of Q-1-D Formulations
It would appear at In:st that a Quasi-One-Dimensional numerical approach would be practical for the combustor geometries described in this paper. Indeed, a reactive Q-1-D code was developed by the author as an initial approach to modeling the experimental rig described herein and work continues on this approach.
However, there are difficulties presented by this approach which, to date, the author has not been able to successfully resolve. All of the difficulties revolve around the implementation of the momentum source dA term P"_-x" The appropriate manner in which to evaluate this term numerically is somewhat ambiguous when the area gradients are large. Among other things, it seems to depend on the numerical integration scheme used. Furthermore, even if it is evaluated in a manner that produces a stable scheme, other difficulties may arise. These include, among others:
Additionally, Q-I-D formulations often result in flame locations precisely in vicinities of large area gradients.
Since thermo-acoustic instabilities result from coupling between heat release and pressure perturbations, it may become unclear whether simulated instabilities are physically real or the result of numerics.
In any case, as mentioned in an earlier footnote, a Q-I-D simulation has not yet been implemented that successfully simulates the rig instabilities just described.
They have however, been used to successfully simulate some Pulse Jet engines.
1. The need for many grid points in vicinities of area change.
2. Non-physical behavior such as local entropy loss (gains in total pressure) and/or unpredictable total pressure losses related to the area change.
3. Changing the acoustic properties of the system due to approximating abrupt area changes with something more gradual.
